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Semi-strapdown image hom-
ing guided (SSIHG) missileAbstract This paper focuses mainly on semi-strapdown image homing guided (SSIHG) system
design based on optical flow for a six-degree-of-freedom (6-DOF) axial-symmetric skid-to-turn mis-
sile. Three optical flow algorithms suitable for large displacements are introduced and compared.
The influence of different displacements on computational accuracy of the three algorithms is ana-
lyzed statistically. The total optical flow of the SSIHG missile is obtained using the Scale Invariant
Feature Transform (SIFT) algorithm, which is the best among the three for large displacements.
After removing the rotational optical flow caused by rotation of the gimbal and missile body from
the total optical flow, the remaining translational optical flow is smoothed via Kalman filtering. The
circular navigation guidance (CNG) law with impact angle constraint is then obtained utilizing the
smoothed translational optical flow and position of the target image. Simulations are carried out
under both disturbed and undisturbed conditions, and results indicate the proposed guidance strat-
egy for SSIHG missiles can result in a precise target hit with a desired impact angle without the need
for the time-to-go parameter.
 2016 Production and hosting by Elsevier Ltd. on behalf of Chinese Society of Aeronautics and
Astronautics. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
Optical flow can be defined as the projection of relative 3D
motion between an observer and a scene onto an image plane.1
Optical flow is frequently used by insects and birds, and its
employment is observable in honeybees through their grazing
behavior and ability to achieve smooth landings.2 In recent
years, researchers have reported evidence that birds can also
use optical flow for obstacle avoidance and landing maneuver-
ing.3 With its rich relative motion information, optical flow
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takeoff/landing,4–7 collision detection and avoidance,8,9
guidance and control,10–12 motion estimation and structure
reconstruction,13 and target tracking.14 Optical flow will be
utilized in the guidance design strategy for a semi-strapdown
image homing guided (SSIHG) missile in this paper. The
research in this area consists of two parts: analysis on the influ-
ence of large displacements on computational accuracy for
three optical flow algorithms, and the guidance design strategy
of the SSIHG missile based on optical flow with impact angle
constraint.
A variety of algorithms have been used to calculate optical
flow, the most popular of which are Lucas Kanade (LK),15
Horn Schunck (HS),16 Pyramid LK (PLK),17 Scale Invariant
Feature Transform (SIFT)18 and Speed Up Robust Features
(SURF).19 Mammarella et al.20 made a comparative study
on the accuracy of nine different optical flow algorithms,
including SIFT, LK and HS, using videos and showed that
the SIFT algorithm provides the best performance. However,
the computational accuracy of optical flow algorithms under
different displacements was not analyzed.20 Baker et al.21 stud-
ied several well-known algorithms to obtain optical flow,
including PLK and Black Anandan (BA), where the ground-
truth flow was determined by tracking hidden fluorescent tex-
ture painted on the scene. However, the scene moved slowly,
and no scene point moved by more than two pixels from one
captured frame to the next. The accuracy of five optical flow
algorithms was also compared by Bell et al.22 Optical flow
was used to provide an accurate estimate of the incremental
position of an endoscope. However, the speed of the endo-
scope was also low, moving only in increments of about
2 mm each time. Most of the literature mentioned above dis-
cusses the computational accuracy of optical flow algorithms
under small displacements. However, the optical flow of the
SSIHG missile may sometimes be very large, so the first aim
of this paper is to choose an optical flow algorithm that is suit-
able for large displacements.
Much research has been done on guidance laws with impact
angle constraint. Lee et al.23 designed an impact angle control
guidance consisting of a proportional navigation guidance
(PNG) command and continuous feedback on the difference
between estimated intercept angle and the desired impact
angle, which is added to the PNG command to provide a zero
miss distance. A limitation is that this guidance law requires
the estimation of time-to-go. A biased PNG with impact angle
constraint was also proposed24 that requires a tgo estimate.
Beard et al.11 demonstrated how PNG laws can be derived
from optical flow information. However, such information is
assumed to be known, and the paper does not show how to
calculate it. A circular navigation guidance (CNG) based on
optical flow was presented by Manchester et al.12 It indicated
that guidance law can result in zero miss distance, and impact
angle error tends to zero when the target moves slowly. How-
ever, the missile was regarded as a mass point, so the effect of
the rotation of the missile body was not considered in the pro-
cessing of optical flow information. This paper will make fur-
ther research based on the work of Manchester while fully
accounting for missile body and gimbal rotation.
The main contributions of this research are as follows:
First, the influence of different displacements, especially largedisplacements, on three optical flow algorithms is given
through statistical simulations, and their application scopes
are presented. Second, the total optical flow of the SSIHG
missile is obtained by using the SIFT algorithm, and then
the optical flow information is decomposed and filtered, fully
taking into account the rotational movement of the missile
body and gimbals. Finally, closed-loop simulation of the entire
SSIHG system is accomplished using a six-degree-of-freedom
(6-DOF) dynamics model of the missile where the target image
is constructed by mathematical computer simulation based on
the pinhole model for the image detector.
The structure of the paper is organized as follows: Section 2
defines relevant coordinates in the SSIHG missile, and estab-
lishes the kinematics and dynamics model of the missile with
6-DOF; the dynamics model of the gimbal control system is
built, and the pinhole model for the image detector is intro-
duced. Section 3 analyzes the influence of different displace-
ments on the computational accuracy of the optical flow
algorithms. In Section 4, the CNG law with impact angle con-
straint based on translational optical flow is obtained. The
decomposition and the filtering of optical flow information
are given in Section 5. Section 6 demonstrates the closed-
loop simulation of the entire SSIHG system, and conclusions
are in Section 7.2. Mathematical models of SSIHG system
2.1. Definitions and transformations of coordinate frames
The image detector of the SSIHS is mounted on the missile
body using two gimbals. An outer gimbal is for yaw, and an
inner gimbal corresponds to pitch. The image detector, which
can rotate around both the yaw and pitch axes, is installed in
the inner gimbal. The definitions and transformations of the
coordinate frames used herein are explained below, and the
three axes in all following coordinate frames are right-
handed orthogonal.
(1) Axiyizi is the inertial coordinate frame. The origin A is
the projection of the missile launch point along the
vertical plane on the ground. Axi axis is located in the
horizontal plane with its positive direction pointing to
the target. Ay i axis is located in the vertical plane
containing Axi axis, and its positive direction points
upwards.
(2) Oxbybzb is the missile body coordinate frame. The origin
O is located at the centroid of the missile. Oxb coincides
with the longitudinal axis of the missile body, and its
positive direction points to the head of the missile. Oyb
is located in the longitudinal symmetric plane of the mis-
sile body with its positive direction pointing upwards.
(3) Oxsyszs is the line-of-sight (LOS) coordinate frame. Oxs
axis coincides with the LOS, and its positive direction
points to the target. Ozs axis is located in the Axizi plane
and is perpendicular to Oxs axis.
(4) Oxoyozo is the outer (yaw) gimbal coordinate frame. Oxo
is perpendicular to the outer gimbal plane with its posi-
tive direction pointing to the target. Oyo coincides with
Oyb axis. Ozo locates in the Oxbyb plane.
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Oxin axis coincides with the optical axis of the image
detector. Ozin axis coincides with Ozo axis. Oy in axis is
located in the Oxoyo plane.
(6) Oxcyczc is the detector coordinate frame. Ozc and Oyc
axes coincide with the Oxin and Oyin axes, respectively.
Oxc axis is located in the Oxbzb plane.
(7) Opxpypzp is the image plane coordinate frame. The origin
Op is the center of the image plane. Opxp axis in the
image plane is parallel to the Oxc axis, and its positive
direction is consistent with Oxc axis. Opyp axis is parallel
to the Oyc axis.
The coordinate frames of the SSIHG system are depicted in
Fig. 1. The angle kz between Oxin and Oxo is the rotational
angle of the inner gimbal. The angle ky between Oxo and
Oxb is the rotational angle of the outer gimbal.
The transformation matrix from Oxbybzb to Oxinyinzin is
Tb!in ¼To!inTb!o ¼
coskz sinkz 0
sinkz coskz 0
0 0 1
2
64
3
75:
cosky 0 sinky
0 1 0
sinky 0 cosky
2
64
3
75
The transformation matrix from Axiyizi to Oxbybzb isTi!b ¼
cos# cosw sin#  cos# sinw
 sin# cosw cos cþ sinw sin c cos# cos c sin# sinw cos cþ cosw sin c
sin# cosw sin cþ sinw cos c  cos# sin c  sin# sinw sin cþ cosw cos c
2
64
3
75where #, w and c are the attitude angles of the missile body.25
The transformation from Oxinyinzin to Oxcyczc is
Tin!c ¼
0 0 1
0 1 0
1 0 0
2
64
3
75
So the transformation from Oxcyczc to Axiyizi is
Tc!i ¼ ðTin!cÞTðTb!inÞTðTi!bÞT
2.2. Dynamics model of missile with 6-DOF
The dynamics model of the skid-to-turn missile with 6-DOF is
established in this paper according to Newton’s second law
and Momentum Moment Theorem.25 The equations can be
written as follows:Fig. 1 Coordinate frames of SSIHG system.m dVM
dt
¼ P cos a cos b Xmg sin h
mVM
dh
dt
¼ Pðsin a cos cv þ cos a sinb sin cvÞ
þY cos cv  Z sin cv mg cos h
mVM cos h dwvdt ¼ Pðsin a sin cv  cos a sin b cos cvÞ
þY sin cv þ Z cos cv
Jx
dxx
dt
þ ðJz  JyÞxzxy ¼ Mx
Jy
dxy
dt
þ ðJx  JzÞxxxz ¼ My
Jz
dxz
dt
þ ðJy  JxÞxyxz ¼ Mz
dx
dt
¼ VM cos h coswv
dy
dt
¼ VM sin h
dz
dt
¼ VM cos h sinwv
d#
dt
¼ xy sin cþ xz cos c
dw
dt
¼ ðxy cos c xz sin cÞ= cos#
dc
dt
¼ xx  tan#ðxy cos c xz sin cÞ
sin b ¼ cos h½cos c sinðw wvÞ þ sin# sin c
 cosðw wvÞ  sin h cos# sin c
sin a ¼ cos h½sin# cos c cosðw wvÞ  sin cf
 sinðw wvÞ  sin h cos# cos cg= cos b
sin cv ¼ cos a sinb sin# sin a sinb cos c cos#
þ cos b sin c cos#= cos h
dm
dt
¼ mc
8>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>:
ð1Þwhere m represents the mass of the missile; h represents the
flight path angle; wv represents the heading angle; a, b and cv
are the angle of attack, angle of sideslip and bank angle,
respectively; x, y and z represent the position of the missile
in the inertial coordinate frame; P is the engine thrust; X, Y
and Z are the drag, lift and side force, respectively; Jx, Jy
and Jz are the missile body’s moments of inertia; Mx, My
and Mz are the aerodynamic moments of the missile body;
xx, xy and xz are the rotational angular rates of the missile
body relative to the inertial coordinate frame; VM is the speed
of the missile; mc is the fuel weight flow rate. The flying direc-
tion of the missile is actuated by the air rudder. A traditional
acceleration autopilot is designed using the PID control the-
ory, which improves the damping characteristic of the missile
and the missile’s response to the guidance command. For the
sake of brevity, the design process of the autopilot is omitted
here.
2.3. Pinhole model for image detector and dynamic model of
gimbal control system
The image detector is mounted on the gimbals. The optical
axis of the image detector can track the LOS quickly, which
maintains the target image around the center of the image
field. The pinhole model of the detector is shown in Fig. 2,
where Ozc is the optical axis of the detector, and f is the focal
length of the detector. ðScx;Scy;SczÞ is the location of target in
the detector coordinate frame, denoted as T; T0 is the
Fig. 2 Pinhole model of detector.
Fig. 3 Matching result of a toy car using SIFT.
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its coordinate is ðscx; scyÞ. Therefore, the vector OT0 can be
expressed as sc ¼ ½scx; scy; sczT, and scz ¼ f.
According to the projection principle, the relationship
between the coordinates T and T0 can be obtained as
scx ¼
fScx
Scz
; scy ¼
fScy
Scz
ð2Þ
si is the corresponding vector of sc in the inertial coordinate
frame. It is calculated as
si ¼ six; siy; siz
 T ¼ Tc!isc ð3Þ
The elevation and azimuth LOS angles are named as qz and
qy, respectively. qz is the angle between s
i and the Axizi plane.
qy is the angle between Axi axis and the projection of s
i in the
Axizi plane. The expressions of qz and qy are given by
qz ¼ arctan
siyﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðsixÞ2 þ ðsizÞ2
q
0
B@
1
CA
qy ¼  arctan
siz
six
 
8>>><
>>>:
ð4Þ
The gimbals are controlled so that the target image remains
around the center of the image field. In other words, the gim-
bal servo system is designed to ensure that the optical axis of
the detector tracks the LOS as quickly as possible. For conve-
nience, the dynamics of the gimbal control system can be sim-
plified as a first-order system, and the transfer functions of the
gimbal control system are given by
kzðsÞ
azðsÞ ¼
k1
sþ k1
kyðsÞ
ayðsÞ ¼
k2
sþ k2
8>><
>>:
ð5Þ
where k1 and k2 are positive constants; az and ay are the con-
trol commands of inner gimbal and outer gimbal, respectively.
The expressions of az and ay are shown as
az ¼ arctan
sbyﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðsbxÞ2 þ ðsbz Þ2
q
0
B@
1
CA
ay ¼  arctan s
b
z
sbx
 
8>>><
>>>:
ð6Þ
where
sbx; s
b
y ; s
b
z
 T ¼ ðTb!inÞTðTin!cÞTsc ð7Þ3. Influence of displacement on computational accuracy for three
optical flow algorithms
3.1. Brief introduction of optical flow algorithms
This paper mainly researches the influence of different dis-
placements on the computational accuracy of optical flow
algorithms in order to find the best one for the SSIHG missile.
Some algorithms are used commonly to compute optical flow,
including LK, HS, PLK, SIFT and SURF. The main disad-
vantage of LK and HS algorithms is that the calculation of
spatial and temporal derivatives is usually very prone to errors,
especially in situations with relatively fast motion.20 So, this
paper analyzes the accuracy and application scopes of PLK,
SIFT and SURF algorithms. The basic principles of these
three optical flow algorithms are introduced first, and then
simulation experiments are carried out for statistical analysis.
The PLK17 is an improved version of the LK algorithm. In
implementation, Gaussian pyramids are constructed by down-
sampling the original image pair by a factor of 2. The overall
PLK algorithm proceeds as follows: first, the initial estimation
of optical flow at the coarsest pyramid level l is initialized as
zero. The residual optical flow at level l is obtained by using
the standard LK algorithm, and then added to the initial value
to shape the optical flow of level l. After the optical flow of
level l is affine transformed, it is propagated to level l 1,
and regarded as the initial value of the optical flow of level
l 1. The same procedure goes on until the optical flow of
level l ¼ 0 is calculated, which is the optical flow between the
two original image pairs.
The SIFT algorithm18 can provide robust matching across
a substantial range of geometric distortions, changes in 3D
viewpoint and illumination. The principles of the SIFT algo-
rithm can be divided into five major stages. First, the locations
of potential interest points are obtained by using a difference-
of-Gaussian function. Second, at each candidate location, a
detailed model is fit to determine the localization and scale
of keypoints. Third, an orientation histogram is formed from
the gradient orientations of sample points around the key-
point, and the peaks in the orientation histogram correspond
to the dominant directions of local gradients. Fourth, the local
image gradients are measured at the selected scale around each
keypoint and then form the keypoint descriptors with n dimen-
sions. Finally, the best candidate match for each keypoint is
found by identifying its nearest neighbor in a database of key-
points from training images. The displacement of correspond-
ing keypoints can be obtained after feature matching, and the
displacement is the optical flow. In order to testify to the per-
formance of the SIFT algorithm, two pictures of a toy car are
taken from different angles. The matching result using the
SIFT algorithm is very good and shown in Fig. 3.
The SURF19 algorithm obtains optical flow also by mea-
suring the displacements of certain image features. However,
Fig. 4 Matching result of a toy car using SURF.
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SURF builds its scale space by keeping the image size the same
and only varying the size of the box filter. The extrema of the
determinants of the Hessian matrix are then used to detect the
keypoints. Each detected keypoint is first assigned a repro-
ducible orientation. For orientation, Haar wavelet responses
are calculated for a set of pixels. Using the same original pic-
tures as in SIFT, the matching result by utilizing the SURF
algorithm is shown in Fig. 4. It can be seen that the SURF
algorithm can also provide good matching.
3.2. Simulation analysis of different displacements on the
accuracy of three optical flow algorithms
This section demonstrates the influence of different displace-
ments on the computational accuracy of PLK, SIFT and
SURF algorithms via simulations. The target is assumed to
be stationary with a size of 5 m 5 m, and its coordinates
are ð108; 0; 0Þ m in the inertial coordinate frame. For research
convenience, the image detector is assumed to move at differ-
ent speeds straightly along the Axi axis at the altitude of 600 m,
and its initial position is ð0; 600; 0Þ m. The image detector uses
an 800 800 pixel square array. The speeds of the image
detector in the inertial coordinate and image plane coordinate
are listed in Table 1. A series of target images are obtained
when the image detector moves. The mean l and standard
deviation d of the optical flow based on the three algorithms
under different image detector speeds can be seen in Table 1
(subscripts indicate algorithm).
It can be seen from Table 1 that accuracy of the PLK algo-
rithm is lower than that of the SIFT algorithm; When the dis-
placement becomes larger, the accuracy of PLK decreases. The
SIFT algorithm was developed to detect and associate the
same features between different images, and it has no restric-
tions for dealing with optical flow computation in fast motion
situations. So the accuracy of the SIFT algorithm is main-
tained even when the displacement is large. As Table 1 shows,
the differences between lSIFT and lSURF are not very signifi-
cant. However, dSURF is larger than dSIFT in general, indicating
that the computational accuracy of the SURF algorithm isTable 1 Computational results of three optical flow algorithms.
Realistic speed of detector (m/s) Displacement of target
image (pixel/frame)
lPL
14 1 0.96
56 4 3.94
98 7 6.89
140 10 9.84
154 11 10.8
182 13 12.8
210 15 14.6lower than that of the SIFT algorithm. Therefore, for the
remainder of this paper, total optical flow of the SSIHG sys-
tem is calculated using SIFT.
4. CNG law with impact angle constraint
4.1. Basic principle of CNG
A schematic diagram of CNG12 in a two-dimensional plane is
visualized in Fig. 5, where the point M is the missile’s initial
position, T is the target position, MT
!
is the LOS, VF is the
desired final velocity vector of the missile, k is defined as the
angle between the missile’s current velocity vector VM and
the LOS, e is defined as the angle between LOS and VF, and
VD is defined as the desired missile velocity and is the reflection
of VF with respect to LOS. During the flight, if the missile
maintains the desired velocity VD, the angles k and e will be
strictly equal. This results in the missile taking a circular path
to hit the target with the desired impact angle.
The 2D geometric principles mentioned above can be
applied to the three-dimensional guidance problem. The con-
trol command of CNG is composed of two parts:
(1) Impact angle control command a1, whose function is to
rotate VM toward VD.
(2) Proportional guidance command a2, whose function is
to force the angular rate of VM to be the same as that
of VD.
The specific expressions of the two control commands are
derived as follows.
4.2. Impact angle control command
According to the principles of the CNG, VD and VF are sym-
metrical with respect to the LOS. So the expression of VD is
given by
VD ¼ 2VFjsi  VF ð8Þ
where VFjsi is the component of VF collinear with si. Then the
impact angle control command a1 can be expressed as
a1 ¼ kekkVMkUD1 ð9Þ
where ek is the error angle between the current velocity VM and
the desired velocity VD; k is a positive constant; the direction
of the impact angle control command UD1 is given byK dPLK lSIFT dSIFT lSURF dSURF
7 0.102 0.986 0.094 1.004 1.443
8 0.208 3.986 0.094 4.042 0.293
6 0.404 6.966 0.139 7.252 0.580
4 0.610 9.946 0.170 10.098 0.896
31 0.655 10.946 0.170 10.645 2.520
15 0.755 12.946 0.170 13.126 1.919
12 0.845 14.925 0.193 14.984 1.462
Fig. 5 Schematic diagram of CNG.
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VDjVi ?
M
VDjVi ?
M
  ð10Þ
where VDjVi ?
M
is the component of VD orthogonal to V
i
M, and
ViM the velocity of the missile in the inertial coordinate frame.
4.3. Proportional guidance command
The proportional guidance command is obtained based on
optical flow information. The LOS angular rate Xc in the
detector coordinate frame is11
Xc ¼ s
c
ksck 
g
ksck ð11Þ
where the notation  is the cross product of the vectors; g is
the translational optical flow, which will be obtained in the
next section. The LOS angular rate Xs in the LOS coordinate
frame can be computed from Xc as
Xs ¼ Ti!sTc!iXc ð12Þ
where
Ti!s ¼
cos qz sin qz 0
 sin qz cos qz 0
0 0 1
2
64
3
75
cos qy 0  sin qy
0 1 0
sin qy 0 cos qy
2
64
3
75
Then the proportional guidance command a2 can be calcu-
lated as
a2 ¼ 2kVMkkXskUD2 ð13Þ
where the notation UD2 is the direction of the proportional
guidance command and it is given by
UD2 ¼
sijVi ?
M
sijVi ?
M
  ð14Þ
where sijVi ?
M
is the component of si orthogonal to ViM.
It can be seen that the CNG law does not need tgo
information.
5. Computation and filtering of translational optical flow
Total optical flow d ¼ ½u; vT is obtained by using the SIFT
algorithm, where u and v are the optical flow along the Opxp
axis and Opyp axis, respectively. The total optical flow of thetarget on the image plane can be decomposed into three
components:
d ¼ d1 þ d2 þ d3 ð15Þ
where d1 is the translational component due to the relative
movement of the missile and the target, and d1 is the signal
required by the CNG law; d2 and d3 are the rotational optical
flow due to the rotation of the missile body and the gimbals,
respectively.
Let xbb=i ¼ ½xx;xy;xzT represent the rotational angular
rate of the missile body relative to the inertial coordinate frame
in the missile body coordinate frame, and then the rotational
angular rate of the missile body relative to the inertial coordi-
nate frame in the detector coordinate frame can be obtained as
xcb=i ¼ xcx;xcy;xcz
h iT
¼ Tin!cTb!inxbb=i ð16Þ
Then d2 is
26
d2 ¼
scxs
c
y
f
f ðscxÞ2
f
scy
fþ ðscyÞ
2
f
scxscy
f
scx
2
4
3
5 x
c
x
xcy
xcz
2
64
3
75 ð17Þ
Suppose that the rotational angular rates of the outer and
inner gimbal are _ky and _kz, respectively, then the rotational
angular rate of the inner gimbal relative to the missile body
coordinate frame in the detector coordinate frame can be
expressed as
-cin=b ¼ -cx;-cy;-cz
h iT
¼ Tin!cTo!in
0
_ky
0
2
64
3
75þ Tin!c
0
0
_kz
2
64
3
75 ð18Þ
Then d3 can be calculated as
d3 ¼
scxs
c
y
f
f ðscxÞ2
f
scy
fþ ðscyÞ
2
f
scxscy
f
scx
2
4
3
5 -
c
x
-cy
-cz
2
64
3
75 ð19Þ
From Eq. (15) to Eq. (19), we can get d1.
The performance of the guidance system will be affected
directly by the signal quality of d1. Due to the basic calculation
principles of optical flow algorithms and the pixel size of the
image plane, d1 will not be smooth. To address this issue,
Kalman filtering is used for smoothing the translational optical
flow d1. The state and measurement equations of the Kalman
filter are designed as follows.
Xkþ1 ¼ AXk þ wk
Yk ¼ d1 ¼ CXk þ vk
	
ð20Þ
where the state vector of the Kalman filter is denoted as
Xk ¼ ½ukf; vkfT, with ukf and vkf the translational optical flows
filtered by the Kalman filter; A and C are identity matrices;
wk is the noise vector of the state; Yk is the measurement vec-
tor; and vk is the measurement noise vector. The recursive pro-
cess of the Kalman filter is omitted here for brevity. Xk is
actually the translational displacement between the missile
and target in the image plane, so g ¼ ½ukf; vkf; 0T.
Fig. 7 Simulation results of SSIHG system without disturbances.
Fig. 6 Schematic diagram for the closed-loop simulation of SSIHG system.
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Fig. 8 Simulation results of SSIHG system under disturbances.
1352 L. Huang et al.6. Closed-loop simulation of SSIHG system based on optical
flow
6.1. Parameter settings and schematic diagram of simulations
To verify the correctness and the effectiveness of the designed
SSIHG system, the closed-loop simulation of an SSIHG
system based on optical flow is carried out. The initial
positions of the missile and target in the inertial coordinate
frame are set as (600,0,200) m and (0,200,0) m, respectively.
The target is assumed to be stationary with the size of
4 m 4 m. The velocity of the missile is set as 200 m/s. Both
the flight path and the heading angles are initially set as 0.
The three initial attitude angles of the missile body are all set
as 0. The pixel number of the image plane of the detector is
820 820. During the simulations, the roll angle of the missile
body is assumed to oscillate in the manner of a sinusoidal
function, i.e., c ¼ 5 sinð5tÞ. A schematic diagram for the
closed-loop simulation of the SSIHG system are shown in
Fig. 6.The desired impact angles in the pitch and yaw planes are
all set as 30. The parameters of the CNG law are designed
as k ¼ 0:5, k1 ¼ k2 ¼ 20:
6.2. Experiment 1: Simulation without disturbances
Firstly, it is assumed that there are no disturbances in the
SSIHG system. The aim of the simulation is to verify the cor-
rectness of the proposed guidance strategy for the SSIHG mis-
sile based on optical flow. The simulation results are depicted
in Fig. 7. The final miss distance of the system is 0.42 m, and
the error of the impact angles is 0.64 and 0.46 in pitch plane
and yaw plane, respectively.
Fig. 7(a) and (b) is the flight trajectories of the missile in
pitch and yaw planes, respectively. Fig. 7(c) and (d) is the flight
path angle and heading angle, respectively. Fig. 7(e) and (f) is
the curves of the gimbal angle ky and kz, respectively. It can be
seen that the optical axis can track the LOS quickly through
the fast rotational movement of the gimbals, thus the SSIHG
system does not need a detector with large field of vision
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system, where the thick solid lines represent theoretical values
and the thin dashed lines represent the realistic values that are
calculated out by the SIFT algorithm. It can be seen that the
initial displacement is very large, however the computational
accuracy of the SIFT algorithm is very high and the computa-
tion error is less than one pixel. Fig. 7(i) and (j) is the curves of
the elevation and azimuth angular rates of LOS, respectively,
where the thick solid lines represent theoretical values, and
the thin dashed lines represent those deduced from optical
flows. All indications are that the Kalman filter can smooth
the optical flow very well, and the information for the LOS
angular rates can be derived from the translational optical flow
and used for the SSIHG missile effectively.
Simulation results show that the guidance strategy chosen
for the SSIHG missile based on optical flow is reasonable
and correct.
6.3. Experiment 2: Simulation under disturbances
The objective of the following simulation is to verify the effec-
tiveness and robustness of the proposed guidance strategy for
the SSIHG missile under disturbances. Since optical flow
uncertainties are difficult to model, we simply assume that
the total optical flow d computed by the SIFT algorithm and
IMU measurements are corrupted by noise. The measured
value of the total optical flow is assumed as27 ds ¼ dðIþ wsÞ;
where ws is a random vector with Gaussian distribution
Nð0; 0:22Þ. The measured value of IMU is assumed as
xbsb=i ¼ xbb=iðIþ wtÞ, where xbb=i is the realistic angular rate of
the missile, and wt is a three-dimensional random vector with
Gaussian distribution Nð0; 0:152Þ. The simulation results with
the disturbances are shown in Fig. 8. The final miss distance is
0.48 m, and the error of the impact angles is 0.56 and 0.54 in
the pitch and yaw planes, respectively.
Fig. 8(a) and (b) is the total optical flows of the SSIHG sys-
tem, where the thin solid lines represent realistic optical flow
with noise. Fig. 8(c)–(e) is the IMU measurements of the rota-
tional angular rate of the missile body, shown as the thin
dashed lines. Fig. 8(f) and (g) is the curves of the elevation
and azimuth angular rate of LOS, respectively. It can be seen
that even with disturbance noise in total optical flow and angu-
lar rate, the LOS angular rate can be deduced correctly.
All the above simulation results indicate that the proposed
guidance strategy for the SSIHG missile, including the optical
flow algorithm based on SIFT, the decomposition and filtering
of theopticalflow,and theCNGlaw,are reasonable andeffective.
The proposed guidance strategy allows for the SSIHG missile to
hit a target with a desired impact angle and small miss distance.
7. Conclusions
The guidance system design of the SSIHG system based on the
optical flow for the 6-DOF axial-symmetry skid-to-turn missile
is presented in this paper. The information of time-to-go is not
required in the SSHIG system, which is important for the guid-
ance strategy to be applied in the practical engineering.
(1) Three optical flow algorithms, including PLK, SIFT and
SURF are introduced and compared by statistical simu-
lations in order to choose the best one for the SSIHGmissile. Simulation results indicate that the SIFT can pro-
vide the best performance even under large displacement.
(2) The proposed guidance strategy for SSIHG missile,
including SIFT optical flow algorithm, the decomposi-
tion and filtering of optical flow information and CNG
law, can make the missile hit target precisely with a
desired impact angle.
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